ABSTRACT: Concentrations of progesterone have been reported to influence GnRH-induced LH surges. At the beginning of many synchronization protocols, GnRH is used to synchronize follicular growth. Therefore, the objective of this study was to determine the effect of elevated concentrations of progesterone from a controlled internal drug-releasing device (CIDR) on the GnRH-induced LH surge and ovulatory response. Angus-cross beef heifers (n = 113; 41 pubertal and 72 prepubertal) were assigned to 1 of 3 treatments: 1) GnRH at CIDR insertion (CIDR-0), 2) GnRH 6 h before CIDR insertion (CIDR-6), or 3) GnRH 48 h after CIDR insertion (CIDR+48). Follicle size was determined before GnRH administration, and ovulatory response was determined 2 d later. Blood samples were collected from a subset of 60 heifers at −30, 0 (GnRH administration), 30, 60, 90, 120, 150, 180, 210, 240, 300, and 360 min after GnRH. Heifers receiving CIDR+48 had greater (P < 0.01) concentrations of progesterone compared with those receiving CIDR-0 and CIDR-6. There was no difference (P > 0.76) between treatments in concentrations of estradiol. There tended to be a cycling status × ovulation interaction on concentrations of progesterone (P = 0.11), and there was a cycling status × ovulation interaction on concentrations of estradiol (P = 0.02). The estradiol-to-progesterone ratio was significant because of treatment (P = 0.002), cycling status (P = 0.001), and a treatment × cycling status interaction (P = 0.02). Cycling status tended (P = 0.11) to have an influence on ovulation (29/41 and 42/72 for pubertal and prepubertal heifers). Ovulation was induced in more (P < 0.05) CIDR-0 (26/38) and CIDR-6 (28/37) heifers than CIDR+48 (17/38) heifers. There was no influence of treatment (P = 0.19), concentrations of estradiol (P = 0.90), or the estradiolto-progesterone ratio (P = 0.21) on concentrations of LH, but there was an effect (P < 0.01) of progesterone on LH concentrations. Heifers with elevated progesterone at GnRH administration had a reduced LH surge compared with heifers with decreased concentrations of progesterone. Heifers that ovulated tended to have a greater (P = 0.11) magnitude of LH surge than heifers that did not ovulate. In summary, elevated concentrations of progesterone at GnRH administration decreased the GnRH-induced LH surge, and heifers in the CIDR+48 treatment had a decreased ovulatory response. However, there tended to be a difference in the magnitude of the LH surge only between heifers that did and did not ovulate.
INTRODUCTION
Administration of exogenous GnRH has been used to ovulate dominant follicles and to synchronize follicular waves in heifers and cows (Bo et al., 1995) . Several estrous synchronization protocols have been developed that use an injection of GnRH at the time a controlled internal drug-releasing device (CIDR) is inserted to control follicular development Larson et al., 2006) . After GnRH administration, a new follicular wave is initiated approximately 1.6 d later (Roche et al., 1999) , with selection occurring 3 to 4 d later (Twagiramungu et al., 1995) . Geary et al. (2000) and Atkins et al. (2008) found the ability of a single injection of GnRH to induce ovulation and initiate a new follicular wave to be dependent on the stage of follicular development. Furthermore, Sartori et al. (2001) reported that a larger dose of LH is required to induce ovulation of a 10-mm follicle than is required for larger bovine follicles. Long et al. (2009) observed that after insertion of a CIDR, serum concentrations of progesterone peaked within 24 h and then declined to d 7, and Colazo et al. (2008) reported that concentrations were sufficient to suppress estrus and inhibit ovulation. Progesterone is capable of inhibiting ovulation by the suppression of LH release (Stormshak and Bishop, 2008) . Furthermore, in vitro studies have indicated that progesterone negatively influences LH release from pituitary cells (Baratta et al., 1994; Janovick and Conn, 1996) , and increased concentrations of progesterone have been associated with decreased GnRH-induced LH surges on d 6 to 8 of the estrous cycle (Colazo et al., 2008) . Therefore, the objective of this study was to determine the effect of elevated concentrations of progesterone from a CIDR on the GnRH-induced LH surge and ovulatory response.
MATERIALS AND METHODS
This research was conducted in accordance with procedures approved by the South Dakota State University Institutional Animal Care and Use Committee.
Experimental Design
A total of 113 nulliparous Angus-crossed beef heifers (heifers averaged 14 mo of age and 316 ± 3.9 kg) at the South Dakota State University Beef Breeding Unit were assigned to 1 of 3 GnRH injection treatments in relation to the time of CIDR insertion. Heifers were treated with GnRH (100 µg as 2 mL of OvaCyst, intramuscular injection; Teva Animal Health, St. Joseph, MO) at one of the following time points: 1) CIDR insertion (CIDR-0), 2) 6 h before CIDR insertion (CIDR-6), or 3) 48 h after CIDR insertion (CIDR+48).
Ovaries were examined by transrectal ultrasonography to characterize follicular development on d 0 (before GnRH administration) and to determine ovulatory response on d 2, using an Aloka 500V ultrasound instrument with a 7.5-MHz transrectal linear probe (Aloka, Wallingford, CT). All follicles >8 mm in diameter were recorded, and ovulation was defined as the disappearance of a large dominant follicle that was recorded previously.
Blood Collection and RIA
To determine puberty status, blood samples were collected at 2-wk intervals for 6 mo before GnRH administration. Blood samples were collected via venipuncture of a jugular vein into 10-mL Vacutainer tubes (Fisher Scientific, Pittsburgh, PA). Blood samples were allowed to clot at room temperature for 1 h before being placed in a 4°C refrigerator for 24 h. Samples were centrifuged at 1,200 × g for 30 min at 4°C, and serum was collected and then stored at −20°C until RIA was performed. At GnRH administration, subsets of heifers (n = 60; 20 per treatment) were placed into individual stanchions and blood samples were collected via venipuncture of the tail vein into 10-mL evacuated tubes at −30, 0 (GnRH administration), 30, 60, 90, 120, 150, 180, 210, 240, 300 , and 360 min after GnRH to determine circulating concentrations of LH. Serum was collected as described previously. Circulating concentrations of LH were analyzed by RIA, using methodology described previously by Perry and Perry (2008) . Inter-and intraassay CV were 5 and 7.9%, respectively, and assay sensitivity was 0.125 ng/mL. Circulating concentrations of progesterone were analyzed in samples collected at GnRH administration by RIA, using methodology described previously by Engel et al. (2008) . Inter-and intra-assay CV were 4 and 9.5%, respectively, and assay sensitivity was 0.4 ng/mL. Heifers were considered prepubertal if serum concentrations of progesterone were <1 ng/mL in all the blood samples collected and were considered to be pubertal if serum concentrations of progesterone were >1 ng/mL in any of the blood samples collected (Rutter and Randel, 1986) . Circulating concentrations of estradiol-17β (in a single RIA) were analyzed in samples collected at GnRH administration using methodology described by Perry and Perry (2008) . Intraassay CV was 4.68%, and assay sensitivity was 0.4 pg/mL.
Statistical Analyses
The effects of treatment, cycling status, and ovulatory response on circulating concentrations of LH and progesterone were determined by ANOVA for repeated measures (MIXED procedure, SAS Inst., Cary, NC; Littell et al., 1998) . All covariance structures were modeled in the initial analysis. The best-fit covariance structure indicated was used for the final analysis. The model included the independent variables of treatment, cycling status, or ovulatory response, time, and the treatment, cycling status, or ovulatory response × time interaction. The effect of treatment, cycling status, or ovulatory response on circulating concentrations of LH was analyzed using animal within treatment, cycling status, or ovulatory response as the error term, and effects of time and treatment, cycling status, or ovulatory response × time on LH were analyzed using the residual as the error term.
Differences in concentrations of progesterone, estradiol, and the estradiol-to-progesterone ratio at GnRH administration between treatments, cycling status, ovulatory response, and all interactions were analyzed by ANOVA, using the GLM procedure of SAS. When the F-statistic was significant (P < 0.05), means separation was performed using LSD (means ± SEM; Snedecor and Cochran, 1989) .
Factors that influenced the ovulatory response of the heifers were analyzed by logistic regression analysis. The impact of follicle size, estrous cycling status, treatment, concentrations of progesterone and estradiol, the estradiol-to-progesterone ratio at GnRH administration, and all interactions on ovulatory response were analyzed in SAS by the LOGISTIC procedure.
RESULTS
At GnRH administration, heifers with normal estrous cycles (n = 41) tended to have greater (P = 0.06) concentrations of progesterone compared with prepubertal heifers (n = 72), but this included heifers that had a CIDR inserted 2 d before GnRH (2.5 ± 0.45 vs. 1.5 ± 0.28 ng/mL for pubertal and prepubertal heifers, respectively). There was no difference (P = 0.97) in concentrations of estradiol between pubertal and prepubertal heifers (5.46 ± 0.37 and 5.44 ± 0.23 pg/mL, respectively). Heifers in the CIDR+48 treatment (3.6 ± 0.41 ng/mL) had greater (P < 0.01) concentrations of progesterone than heifers in the CIDR-0 (1.6 ± 0.48 ng/mL) and CIDR-6 (1.0 ± 0.49 ng/mL) treatments. There was no difference (P > 0.76) in concentrations of estradiol between treatments at GnRH administration (5.46 ± 0.33, 5.53 ± 0.40, and 5.36 ± 0.40 pg/ mL for CIDR+48, CIDR-0, and CIDR-6, respectively). In addition, there was no difference in concentrations of progesterone (P = 0.25; 1.8 ± 0.5 vs. 2.7 ± 0.6 ng/ mL) or concentrations of estradiol (P = 0.14; 5.13 ± 0.38 vs. 5.77 ± 0.22 pg/mL) at GnRH administration between heifers that did or did not ovulate in response to GnRH, respectively.
There was no treatment × cycling status (P = 0.75 and P = 0.55), treatment × ovulation (P = 0.56 and P = 0.78), or treatment × cycling status × ovulation (P = 0.29 and P = 0.59) interaction on concentrations of progesterone or estradiol, respectively. There tended to be a cycling status × ovulation interaction on concentrations of progesterone (P = 0.11), and there was a cycling status × ovulation interaction on concentrations of estradiol (P = 0.02). Heifers that exhibited normal estrous cycles and that ovulated tended to have greater (P = 0.08) concentrations of progesterone at GnRH administration compared with heifers that exhibited normal estrous cycles and that did not ovulate (3.36 ± 0.41 vs. 1.74 ± 0.81 ng/mL, respectively). Among prepubertal heifers, concentrations of progesterone at GnRH administration did not differ (P = 0.91) between heifers that did and did not ovulate (1.57 ± 0.44 and 1.51 ± 0.35 ng/mL, respectively). Heifers that exhibited normal estrous cycles and that ovulated had greater (P = 0.03) concentrations of estradiol at GnRH administration compared with heifers that exhibited normal estrous cycles and that did not ovulate (6.30 ± 0.33 vs. 4.62 ± 0.67 pg/mL, respectively). Among prepubertal heifers, concentrations of estradiol at GnRH administration did not differ (P = 0.40) between heifers that did and did not ovulate (5.64 ± 0.36 and 5.25 ± 0.28 pg/mL, respectively).
When the estradiol-to-progesterone ratio [estradiol (ng/mL):progesterone (ng/mL)] was analyzed, there were effects of treatment (P = 0.002), cycling status (P = 0.001), and a treatment × cycling status interaction (P = 0.02; Figure 1 ). However, there was no effect of ovulation (P = 0.41) or of a treatment × ovulation (P = 0.71), cycling status × ovulation (P = 0.26), or treatment × cycling status × ovulation (P = 0.53) interaction.
There was no effect of treatment on concentrations of LH during the GnRH-induced LH surge (P = 0.19; Figure 2 ) on area under the LH curve (P = 0.45; 5,692.8 ± 837.8, 4,913.2 ± 967.4, and 6,432.8 ± 950.0 for CIDR+48, CIDR-0, and CIDR-6, respectively) or on average concentration of LH (P = 0.24; 10.7 ± 1.1, 11.7 ± 1.3, and 8.6 ± 1.3 ng/mL for CIDR+48, CIDR-0, and CIDR-6, respectively). There was a negative correlation (P = 0.04) between concentrations of progesterone at GnRH administration and area under the LH curve (Figure 3 ), but not average concentration of LH (P = 0.31). No correlation was detected between concentrations of estradiol, area under the LH surge (P = 0.82), or average concentrations of LH (P = 0.20), or between the estradiol-to-progesterone ratio and area under the LH surge (P = 0.27). There tended to be a correlation only between the estradiol-to-progesterone ratio and average concentrations of LH (P = 0.06; R 2 = 0.03).
There was a progesterone concentration × time interaction (P < 0.01) with LH concentration during the LH surge (Figure 4) . Heifers having elevated concentrations of progesterone at GnRH administration had a reduced LH surge compared with heifers with decreased concentrations of progesterone. In addition, there was a tendency for a difference in the peak of the LH surge (P = 0.11), but no difference in average concentration of LH (P = 0.19; 9.4 ± 1.2 vs. 11.2 ± 0.8 ng/mL, respectively) or area under the LH curve (P = 0.53; 5,193.3 ± 883.1 vs. 5,860.9 ± 590.9, respectively) for heifers that did and did not ovulate. There was no estradiol concentration × time interaction (P = 0.90) on LH concentration during the LH surge, and there was no estradiol-to-progesterone ratio × time interaction (P = 0.21) on LH concentration during the LH surge.
There was an impact of treatment (P = 0.05) and a cycling status × estradiol concentration interaction (P = 0.05) on ovulatory response. More ovulations were induced among CIDR-0 (26/38) and CIDR-6 (28/37) heifers than among CIDR+48 (17/38) heifers (Table 1) , but there was no effect (P = 0.28) of treatment on follicle size (10.6 ± 0.4, 11.5 ± 0.4, and 11.5 ± 0.4 mm for CIDR+48, CIDR-0, and CIDR-6, respectively). There was a tendency for cycling status (P = 0.11), estradiolto-progesterone ratio (P = 0.11), and ovulatory follicle size (P = 0.10) to influence ovulation. In addition, there Timing of controlled internal drug-releasing device insertion on luteinizing hormone surge tended to be a treatment × progesterone concentration (P = 0.10) interaction on ovulatory response. For cycling status, ovulation tended to occur more often in pubertal heifers compared with prepubertal heifers (29/41 and 42/72 for pubertal and prepubertal heifers, respectively). However, there were no differences (P = 0.14) in follicle size present at GnRH administration between pubertal or prepubertal heifers (10.9 ± 0.4 vs. 11.4 ± 0.3 mm, respectively), but overall follicle size at GnRH administration did tend to influence the ovula- tory response with heifers that ovulated in response to GnRH, with those heifers tending to have larger follicles compared with heifers that did not ovulate (11.5 ± 0.3 vs. 10.6 ± 0.4 mm, respectively). The estradiolto-progesterone ratio also tended to affect ovulatory response, with heifers ovulating tending to have a greater estradiol-to-progesterone ratio compared with heifers that did not ovulate (0.0106 ± 0.0040 and 0.0086 ± 0.0016, respectively). However, neither concentrations of progesterone or estradiol at GnRH administration nor any other interactions influenced (P > 0.14) the ovulatory response. 
DISCUSSION
Administration of exogenous GnRH has been used to ovulate dominant follicles and to synchronize follicular waves in heifers and cows (Bo et al., 1995) . However, concentrations of steroids at GnRH administration are known to influence the magnitude and duration of the GnRH-induced LH surge (Price and Webb, 1988) . Concentrations of progesterone at the time of the GnRH administration did have a negative effect on LH release. In the current study, heifers having elevated concentrations of progesterone at GnRH administration had reduced LH surges compared with heifers with decreased concentrations of progesterone at GnRH administration, but neither estradiol nor the estradiol-to-progesterone ratio influenced the LH surge.
After insertion of a CIDR, serum concentrations of progesterone increased, peaked within 24 h, and then declined to d 7 (Long et al., 2009 ). Colazo et al. (2008) found that elevated concentrations of progesterone released from a CIDR suppressed estrus and inhibited ovulation. Similarly, in the present study, heifers in the CIDR+48 group had greater concentrations of progesterone at GnRH administration and had reduced ovulation rates compared with heifers in the CIDR-0 or CIDR-6 group.
In the present study, there was no difference in concentrations of progesterone at GnRH administration and only a tendency for a difference in the subsequent LH surge between heifers that did and did not ovulate. However, previous research (Colazo et al., 2008) revealed that cattle treated with elevated concentrations of progesterone at GnRH administration had a decreased release of LH in response to the injection of GnRH on d 6 of the estrous cycle compared with cattle treated with reduced concentrations of progesterone. In the present study, day of the estrous cycle was not determined, but work by Atkins et al. (2008) demonstrated that day of the estrous cycle can have a tremendous effect on the release of LH after injecting heifers with GnRH. Heifers on d 18 of the estrous cycle had a greater release of LH compared with those on d 15, 10, or 2, with those on d 5 being intermediate between d 18 and 15 (Atkins et al., 2008) . Thus, when concentration of estradiol was greater, the release of LH in response to GnRH was greater and the ovulatory response was related to LH release, with d 5 having more heifers that ovulated compared with d 10 or 2 (Atkins et al., 2008) . Therefore, only 45 to 50% of heifers at random stages of the estrous cycle ovulated in response to a single injection of GnRH (Pursley et al., 1995; Atkins et al., 2008) , and 100, 33, and 0% of cows in the growth, plateau, and atretic phase of follicular growth, respectively, responded by ovulating (Silcox et al., 1993) .
In the present study, there was no overall effect of concentration of estradiol on the LH surge. However, there was a cycling status × ovulation interaction. Heifers exhibiting normal estrus cycles and ovulation had greater concentrations of estradiol at GnRH administration compared with heifers exhibiting normal estrous cycles and no ovulation, but among prepubertal heifers, concentrations at GnRH administration did not differ between heifers that did or did not ovulate. This further supports the previously mentioned research because all heifers in those studies had reached puberty and were having normal estrous cycles; day of the estrous cycle was known. Estradiol is thought to be responsible for priming the pituitary gland to release LH (Reeves et al., 1971; Kesner et al., 1981; Padmanabhan et al., 1982) , but Turzillo et al. (1994) found that increased sensitivity of gonadotropes to GnRH and increased expression of GnRH receptors occurred before an increase in concentrations of estradiol. Progesterone suppressed expression of the GnRH receptor; however, removal of progesterone alone was insufficient to increase expression of GnRH receptors (Nett et al., 2002) . Therefore, a decrease in progesterone and an increase in estradiol may be important in initiating an increase in LH release. In the present study, the estradiol-to-progesterone ratio at GnRH administration differed between heifers that had reached puberty and heifers that had not reached puberty, excluding the CIDR+48 group, in which progesterone was artificially elevated by the CIDR at GnRH administration. In addition, there tended to be a correlation between the estradiol-to-progesterone ratio and the average concentration of LH. This further supports the hypotheses that a decrease in progesterone is needed to increase the sensitivity of gonadotropes to GnRH and that an increase in estradiol primes the pituitary for the LH surge. Although Numbers within a column having different superscripts are different (P < 0.05).
1 CIDR-0 = heifers were treated with GnRH at insertion of a controlled internal drug-releasing device (CIDR); CIDR-6 = heifers were treated with GnRH 6 h before CIDR insertion; CIDR+48 = heifers were treated with GnRH 48 h after CIDR insertion.
bovine follicles have the capability to ovulate beginning at approximately 10 mm in diameter, a greater dose of LH is required to ovulate a 10-mm follicle compared with larger follicles (Sartori et al., 2001) . In the present study, there was no effect of treatment on ovulatory follicle size, but there tended to be an effect of follicle size at GnRH on ovulatory response. Heifers that ovulated tended to have larger follicles (11.5 ± 0.3 mm) at GnRH administration compared with heifers that did not ovulate (10.6 ± 0.4 mm). Therefore, the increased circulating concentrations of progesterone combined with an average follicle size of only 10.6 ± 0.4 mm may explain the reduction in ovulatory response in heifers in the CIDR+48 treatment compared with those in the CIDR-0 and CIDR-6 treatments.
In summary, elevated concentrations of progesterone at GnRH administration decreased the GnRH-induced LH surge, and smaller ovulatory follicles had a reduced ovulatory response to the LH surge. In addition, there was a tendency for a difference in the magnitude of the LH surge between heifers that did or did not ovulate. There was no effect of concentration of estradiol at GnRH administration on the LH surge, but heifers that had reached puberty and ovulated had greater concentrations of estradiol at GnRH administration compared with heifers that had reached puberty and not ovulated. Among heifers that had not reached puberty, concentrations of estradiol at GnRH administration did not differ between heifers that had or had not ovulated. Therefore, when GnRH was given at the time of CIDR insertion or before, there was no impact on ovulatory response, but if the CIDR was inserted 2 d before, the GnRH ovulatory response was reduced. Stage of the follicular wave, as determined by estradiol concentration, influenced ovulatory response when heifers had reached puberty, but not when heifers were prepubertal. Therefore, variations in ovulatory response among previously published studies using this method of synchronization are likely due to pubertal status and stage of follicular development and not to the timing of GnRH administration.
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